ABSTRACT Communication systems are witnessing an outstanding revolution that has a clear impact on all aspects of life. The world technology is drifting towards high frequency and data rate solutions to accommodate the future expansion in applications such as 5G communications. The 5G technology will offer advanced features in the mm-Wave frequency band which requires intelligent subsystems such as beam switching. Therefore, the microwave components, especially couplers, still need a significant improvement to follow the rapid variations in future technologies. One of the most recent and promising guiding technologies for mm-Wave applications is the printed ridge gap waveguide (PRGW). In this paper, a design of 3-dB planar quadrature hybrid coupler based on PRGW is presented. The proposed design has superior characteristics such as compactness, low loss, and low dispersion device. The prototype of the proposed coupler is fabricated and tested, where the measured and simulated results show an excellent agreement.
I. INTRODUCTION
The 5G communication system is one of the most promising standards in the future. This standard is featured with its ability to accommodate a huge number of connected devices with low latency, high data rate, and reliable connection [1] . Many applications are predicted for 5G to enhance the existing 4G use cases as well as some new and emerging applications. Therefore, a new frequency band may be required to achieve the target performance of 5G. The mobile industry is envisaged to extend mobile services into spectrum bands in the range above 6 GHz to gain additional bandwidth of several GHz. As the results, various regulators such as the United States Federal Communications Commission (FCC), in October 2014, have been investigating several bands as a potential for 5G based on technical matters and licensing options. One of these bands is local multipoint distribution service (LMDS) band which is divided into several subbands with 1 GHz of spectrum that would be required for the initial deployment of a local multipoint communications system (LMCS) in the 30 GHz band [1] - [3] .
However, the realization of the 5G communication system is limited by the availability of various components with superior electrical performance, especially in mm-wave range [4] . The 5G systems will be limited also by the availability of smart subsystems such as beam switching to improve the reliability of communication links. These subsystems highlight the directional couplers as they are deployed in building both the power dividers and the crossovers. Directional couplers are essential devices in any microwave systems to extract a directive sample from the input power [5] . They can be realized based either on traditional technologies such as microstrip line [6] , [7] and stripline [8] , [9] . In addition, they can be implemented by the modern guiding structures such as substrate integrated waveguide (SIW) realization [10] - [18] . The guiding structures technology has a tangible revolution that encourages the research community to exert more effort in providing new solutions accommodating the state of the art structures. One of the promising guiding structures suitable for high-frequency band applications is the ridge gap waveguide (RGW). The RGW is introduced for the first time in 2009 as a TEM guiding structure and developed in the printed version in 2012 which called printed ridge gap waveguide (PRGW) [19] , [20] . They are considered among the most important candidates for the 5G system due to low signal distortion as the propagating mode is a quasi-TEM mode. Another advantage of this guiding structure is the relatively low loss at mm-wave frequencies since the wave propagates inside an air gap. Due to the importance of such structure, many designs were introduced in the literature such as filter and antennas [22] , [23] , [25] , [26] . However, as a recently invented guiding structure, there is still a large room for designing directional couplers as they are visited a few times in the literature [21] , [24] . This paper presents the design and the implementation of a PRGW hybrid directional coupler for 5G communication applications centered at 30 GHz. The 5G final standard is not released yet, however, it is expected to utilize different frequency bands with frequencies above 6 GHz has approximately a 5% average bandwidth per band [1] - [3] . Moreover, the center frequency of each band will vary from country to another [1] . Although the presented design is centered at 30 GHz, it is simple and straightforward to apply the proposed procedure and redesign at different bands.
The main contribution of this paper is to introduce a coupling mechanism that provides a flat 3 dB forward coupling with superior electrical characteristics in a mm-wave frequency band. The proposed coupler is featured with its compactness that enables the integration with other components and reduces the overall system cost. Moreover, it has a 6% percentage bandwidth which able to cover the operating bandwidth of 5G applications. Furthermore, the proposed device is implemented based on a PRGW technology that supports a quasi-TEM mode, which minimizes the signal distortion.
This paper is organized as follows: Section II presents the design procedure to implement a 3-dB coupler. In section III, we present the microstrip to PRGW transition required to validate the proposed devices experimentally. Prototype and measured results of the proposed devices are presented in Section IV. Finally, Section V introduces a summary of the paper outcomes and suggests the future expansion of this work.
II. PRGW QUADRATURE HYBRID COUPLER
The proposed coupler will be designed through four steps; the first step is to select the proper dimensions for the periodic unit cell surrounding the ridge to suppress any leakage centered at 30 GHz and covers more than 5% bandwidth required for the 5G application. The second step is a precise strip line model for the PRGW line constructed using the pre-designed unit cell. Afterwards, the design procedure for calculating the coupling section dimensions is proposed and illustrated. Finally, a fine tuning process is performed in order to achieve the required electrical characteristics over the operating bandwidth.
A. DESIGN OF UNIT CELL AND PRGW LINE
The geometrical configuration of the printed ridge gap waveguide and EBG unit cell are shown in Figure 1 (a) and 1(b), respectively. The unit cell is printed on Roger RT 6002 with dielectric constant (ε r = 2.94) and substrate thickness (h s = 0.508 mm). Many articles have discussed the cell design procedure and the associated realized bandwidth [24] , [26] . Through the published design procedure, it is straightforward to obtain the cell dimensions listed in Table 1 . The simulated dispersion diagram of a unit cell, designed to cover the 23.5-36.5 GHz frequency band, is shown in Figure 2 (a). The proposed unit cell provides a 33.3% relative bandwidth which is wider than required for 5G applications.
The propagating quasi-TEM mode is supported by adding the guiding ridge in the center of the EBG structures. However, the realized bandwidth of the cell is affected by adding the ridge as shown in [29, Fig. 2(b) ]. The ridge width and separation of the first row of cells are mentioned in Table 1 as well. The guiding ridge is provided with via holes in the ground plane. They have the same period d 2 that is equal to the periodicity of EBG unit cells. This will prevent the signal propagation in the substrate below the microstrip line.
To show the designed cell is able to provide the field confinement above the ridge and suppress any leakage, the field distribution is plotted over the structure which is shown in Figure 3 . It is clear that the E-field decays in the order of 60 dB/λ. As a second step of verification, the field distribution is calculated and plotted at different frequency bands in Figure 4 . It can be depicted from this figure that the field in confined within the designed band, while the leakage occurs below and above this bandwidth.
B. STRIP LINE MODELING FOR PRGW
Stripline model for the ridge gap wave guide is a useful tool to calculate the characteristic impedance [27] . Assuming an ideal PEC-over-PMC ridge gap waveguide, image theory to the PMC plate can be applied to obtain a stripline model. Figure 5 (a) shows the stripline model used for the PRGW. This model considers the RGW as a stripline in a homogeneous medium with dielectric constant ε r =1 since the EBG mushroom's surface can be modeled as a perfect magnetic conductor as shown in Figure 5 (b).
The characteristics impedance Z o of strip line is given by [30] :
where, k = sech( πW Reff 2 h ). In this work, we propose a slight modification that produces a more accurate result for the evaluating the characteristic impedance of the PRGW. Hence, the fringing effect should be considered which makes the effective electrical width of the ridge is wider than its physical width by factor 2 d t . Therefore, the width of equivalent stripline W Reff is given by:
Applying the previous equations on different air gap height and minimize the error between the calculated and simulated characteristic impedance for a wide range of ridge width W R , the incremental factor can be approximately obtained as: and 0.25, respectively. Hence, an accurate value for the characteristic impedance of PRGW Z R is given by:
By using the previous equations, the comparison between the calculated Z R for a PRGW line and the simulated value is shown in Figure 6 . The comparison results emphasize on the validity of the strip line model modification proposed in this work. In order to avoid the complexity of the design regarding the arrangement of the mushroom cells around lines, the width of line is chosen to be approximately equal to the EBG unit cell dimension. This way avoids the challenge process to adjust the circuit layout without the need to readjust the mushroom cell's location. Hence, the width of the ridge is selected to be W R =1.5 mm, where the associated characteristic impedance is Z R = 79 as the gap height is exactly equal to the selected substrate thickness.
C. PRGW HYBRID COUPLER DESIGN PROCEDURE
Starting with the fact that any arbitrary junction connecting four transmission lines and satisfied certain conditions can work as a directional coupler [31] - [34] . Figure 7 shows a schematic of a four-port rectangular-junction structure with width W and length L. Since this circuit is symmetrical about the plane AA , it can be analyzed through the even/odd mode analysis methodology. Due to the symmetrical and the reciprocal nature of our device, the elements of the scattering matrix of the four port networks, shown in Figure 7 , are given as follows [30] : Considering the first condition S e 11 = S o 11 = 0, this leads to having internally matched network at the four ports, where S ii =0, for i=1,2,3 and 4. Moreover, substituting in Equation 8 , no coupling occurs between ports 1 and 4, implying that S 14 = S 41 = 0. Similarly, ports 2 and 3 will be decoupled. This means that the coupler works in the forward coupling mode, which is the objective design in this work.
Considering both the even mode and the odd mode, we have no reflection as S e 11 = S o 11 = 0. As a result the magnitude of the transmission coefficient will be equal to unity | S e 21 |=| S o 21 |= 1, where the circuit is lossless. Hence, in both cases the only difference will be the phase shift, where S e 21 = e −j e and S o 21 = e −j o ,while e and o denote the phase difference between port 1 and 2 for the even and odd-mode excitation, respectively. The phase shift can be related to the junction length L with e = β e L and o = β o L, where β e and β o represent the propagation constants of the even and odd mode signal. Hence, by using (6) and (8), the scattering parameters of an ideal forwardwave directional coupler are given as follows:
Thus, the following equation can be derived: where, = (β e − β o )L. The above equation indicates that the phase difference between the two outputs equals 90 • , and the power-split ratio depends on . In addition, the condition for equal power splitting is equal to ±90 • .
Through the even and odd mode analysis, the forward wave coupling condition S e 11 = S o 11 = 0 can be satisfied if
,where Z e o and Z o o are the even and odd mode characteristic impedances for a four-port rectangular-junction structure shown in Figure 7 , respectively. The even and odd characteristics impedances for a four-port rectangular-junction integrated in PRGW environment are calculated through applying the magnetic wall (even mode) and electric wall (odd mode) at the plane of symmetry AA . These impedances are obtained using the CST Microwave Studio simulator for various coupling sections widths W which is plotted in Figure 8(a) . It can be noticed that Z e o = Z o o can be approximately satisfied when W ≥ 5 mm. From (11), we can notice that the exchange of power between port 2 and 3 of a four port circuit shown in Figure 7 follows up a sinusoidal type profile as a function of coupling section length L. In addition, a 3-dB coupling is realized when equal to ±90 • and this can be achieved by adjusting the coupling section length L to satisfy that (β e − β o )L = 90 • . According to the even and odd mode analysis, the phase difference in the propagating phase of the even and odd mode is calculated for the different coupling section length which is plotted in Figure 8 (b). The 90 • phase difference can be achieved at L= 3.6 mm. Hence, the dimensions obtained through the even and odd mode analysis for the coupling section (W =5 mm and L = 3.6 mm) are considered as initial values for the realization of the proposed coupler. Since Z e o = Z o o = Z R , the coupling section is connected to the PRGW straight lines through matching transformer as shown in Figure 9 . Moreover, the coupling section width is designed in the form of multi-steps to add more degrees of freedom that can be used in the fine tuning process. These steps are deployed for mode matching between the quasi TEM mode propagating along the PRGW line and the mode supported by the central section.
D. DESIGN OPTIMIZATION AND RESULTS
The design procedure provided in the previous section is used to obtain the initial dimensions of the coupling section at the design frequency for optimum. The optimization is performed around 10% of the initial dimensions for the design, where the final dimensions are indicated in Table 2 . The simulated scattering parameters are shown in Figure 10(a) , where the phase difference between the coupled and through VOLUME 6, 2018 port is provided in Figure 10(b) . It can be depicted from the simulated results that the realized coupler covers the band from 29 to 31 GHz, which is 6% relative bandwidth at 30 GHz, while the phase imbalance is 85 • ±5 • . Also, the electric field distribution in Figure 10 (c) emphasizes on the performance of the proposed coupler in terms of the isolation.
III. DESIGN OF MICROSTRIP TO PRGW TRANSITION
Transitions between PRGW and microstrip are needed in order to provide the proper excitation. The main objective of the transition is to achieve a sufficient matching level over the operating frequency band of the connected device. The design of microstrip to PRGW transition was well investigated in the literature [26] , [28] . These transitions are realized by changing the width of the ridge to match a 50 microstrip line. This technique has fabrication limitations since the via existence at the center of the ridge limits the variation of the ridge width. Hence, another technique is proposed in this work through adding a tapered transition in the microstrip line section to match the ridge gap waveguide impedance as shown in Figure 11 (a) and (b). Hence, the taper transformer should be designed to match the PRGW line impedance Z R =79 to 50 microstrip line. The tapered transition width is linearly decreased from the 50 Ohm width to a certain width W t =0.47 mm required to provide the required matching. The length of the transformer L t is selected to be λ g /2 as initial value. Afterwards, an optimization is performed around 5% of the initial dimensions to improve the matching level. The simulated S-parameters of the 90 • bend PRGW with the transition is shown in Figure 11 (c). It is clear that the proposed transition achieves a matching level below -15 dB over the frequency band of operation 26-32 GHz, which is sufficient to provide the proper excitation.
IV. EXPERIMENTAL VALIDATION
The fabricated prototype is shown in Figure 12 (a) before performing the assembly to show the details of the three layers forming the proposed coupler. Since connectors and transitions yield more insertion loss, the thru-reflect-line (TRL) calibration is done to de-embed the effects of endlaunch connectors and transitions in measurements. The fabricated microstrip calibration kit is shown in Figure 12 (b) and deployed to perform the calibration of (N52271A) PNA network analyzer. The S-parameters measurement was taken in a sequential way by connecting two ports to the PNA, while the other ports are matched as shown in Figure 12 (c). 3-D printed housing is used to provide a mechanical support and ensure having a robust measurement. This housing is fabricated from a non conducting material that has no effect on the measured results. The measured S-parameters of the proposed coupler are shown in Figure 13 (a) demonstrate that the reflection coefficient is below -10 dB from 29 to 31 GHz (6%) with high isolation between ports 1 and 4 at the center operating frequency of 30 GHz. Figure 13 with a phase imbalance of ±10 • . This figure shows a good agreement between simulated and measured results, while the discrepancies between both results may be attributed to the fabrication tolerances and variations in substrate material properties at 30 GHz. 
V. PRGW 3-dB HYBRID COUPLER PERFORMANCE EVALUATION
To evaluate the potential of the proposed structure, the proposed coupler is compared with the other coupling structures implemented with state of art guiding structure technologies such as SIW and RGW. The proposed coupler size is 1.1λ g × 1.1 λ g at the center frequency. This includes the first two rows of cells around the middle junction. It is implemented based on PRGW technology, which has a superior characteristics at higher frequency bands such as low loss since the waves propagate inside air gap. Moreover, it supports a Q-TEM mode, which results in minimum dispersion supporting wave propagation with minimal distortion. Regarding the electrical specifications, the proposed coupler has a 6% relative bandwidth at 30 GHz. Moreover, it has a quadrature phase shift between the output ports with ±10 • over the entire frequency band of 29 to 31 GHz.
Several hybrid coupler configurations were presented in the literature based on SIW technology. The traditional short-slot SIW hybrid coupler has been proposed in many articles before [14] , [15] . They have an average size of of 2.5λ g × 1.3 λ g with relative bandwidth between 3-13 % percentage bandwidth. In addition, the dominant mode is a TE mode, which has more dispersion. Furthermore, SIW has a large insertion loss which exceeds 1 dB due to dielectric losses [14] . Other coupler designs were introduced based on air filled SIW (AFSIW) technology [17] . In this case, the losses decreased closer to the PRGW. The bandwidth is relatively wide which is exceeding 10 % at the expense of the complex fabrication process.
Some other designs using RGW technology have been proposed to decrease the overall loss and support signal transmission with minimal dispersion [24] . The size of this coupler is 1.6λ g ×1.6 λ g with a percentage bandwidth of 14%. Although this coupler achieves low loss and high power handling, but it has a big size and utilized an expensive fabrication process. Hence, it is difficult to integrate with monolithic microwave integrated circuit. On the other hand, the proposed coupler is printed on a substrate which can be integrated with other planner circuit. This comparison is summarized in Table 3 to state the characteristics of various configurations and highlights both the advantages and the disadvantages.
VI. Conclusion
Printed ridge gap waveguide forward coupler has been proposed. A systematic design approach of the coupler has been presented and illustrated. The transition from the microstrip line to PRGW is designed based on tapered microstrip line matching section. The prototype of the proposed coupler has been validated the operation in the objective frequency band 29-31 GHz. The measured results show a good agreement with the simulated results. The proposed coupler has promising electrical characteristics that meet the future 5G required specifications.
